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Autophagy controls cellular catabolism in diverse
eukaryotes and modulates programmed cell death
in plants and animals. While studies of the unicellular
yeast Saccharomyces cerevisiae have provided
fundamental insights into the mechanisms of auto-
phagy, the roles of cell death pathways in yeast are
less well understood. Here, we describe widespread
developmentally programmed nuclear destruction
(PND) events that occur during yeast gametogen-
esis. PND is executed through apoptotic-like DNA
fragmentation in coordination with an unusual form
of autophagy that is most similar to mammalian
lysosomal membrane permeabilization and mega-
autophagy, a form of plant autophagic cell death.
Undomesticated strains execute gametogenic PND
broadly in maturing colonies to the apparent benefit
of sibling cells, confirming its prominence during
the yeast life cycle. Our results reveal that diverse
cell-death-related processes converge during game-
togenesis in a microbe distantly related to plants or
animals, highlighting gametogenesis as a process
during which programmed cell death mechanisms
may have evolved.
INTRODUCTION
Autophagy is an evolutionarily conserved process during which
eukaryotic cells catabolize cellular content in response to varied
cellular and environmental stresses. The best characterized form
of autophagy, macroautophagy, functions by sequestering cyto-
plasm and/or organelles into nascent vesicles called autophago-
somes, which are then delivered to lytic organelles. A growing
body of evidence has shown that autophagy and programmed
cell death can function coordinately during animal development
(Maiuri et al., 2007). The relationships between autophagy and
programmed cell death appear to be varied; in some contexts,
autophagy acts cytoprotectivally by restraining apoptotic (or
class I cell death) pathways (Boya et al., 2005), while in others,
autophagy mediates a form of cell death known as autophagic
(or class II) cell death (Berry and Baehrecke, 2007). The regula-
tory nature of the relationship between autophagy andDapoptosis, as well as the events distinguishing autophagy during
cell survival as opposed to during certain forms of autophagic
cell death, remains poorly understood.
While apoptotic-like pathways execute yeast cell death in
response to cytotoxic insult or during prolonged postmitotic
aging (Carmona-Gutierrez et al., 2010), additional physiological
roles of these pathways in this organism remain poorly under-
stood. We reasoned that apoptotic-like processes in yeast might
function in developmental contexts, perhaps in coordination
with autophagy. The yeast life cycle includes a gametogenesis
program commonly known as sporulation. Sporulation occurs
in response to nitrogen starvation in the presence of a nonfer-
mentable carbon source and couples meiosis of diploid cells
with the cellularization and differentiation of themeiotic products
into long-lived gametes called spores. These spores are pack-
aged inside the ascus, an encasement derived from the remnant
of the mother cell within which these processes occur (Neiman,
2005). As sporulation involves dramatic cellular remodeling in the
absence of externally provided nitrogen, it is, not surprisingly,
completely dependent on autophagy (Teichert et al., 1989;
Tsukada and Ohsumi, 1993).
Under conditions of reduced environmental carbon, yeast
cells complete meiosis normally but subject only a fraction
of the four meiotic products to cellularization and spore pack-
aging (Davidow et al., 1980). Interestingly, the nuclei that are
packaged into spores in cells executing spore number control
are not random: in dyads (cells that package two meiotic nuclei),
the differentiating spores overwhelmingly arise from nonsister
genomes segregated in the first meiotic division (Davidow
et al., 1980). This phenomenon, known as spore number control,
is regulated by metabolic flux, which controls the conversion
of meiotic spindle pole bodies into prodifferentiation structures
called meiotic plaques (Nickas et al., 2004; Taxis et al.,
2005). Accordingly, spore number reduction is thought to
provide a mechanism that tunes spore number to environmental
resources.
The developmental fate of the aborted meiotic products in
cells undergoing spore number reduction remains unknown. In
this study, we show that these discarded meiotic products are
actively destroyed in a process we refer to as programmed
nuclear destruction (PND). We demonstrate that PND is a
developmentally programmed process combining distinctive
apoptotic-like genome fragmentation with an unusual form of
autophagy most aptly compared with mammalian lysosomal
membrane permeabilization or with mega-autophagy, a mode
of autophagy contributing to programmed cell death duringevelopmental Cell 23, 35–44, July 17, 2012 ª2012 Elsevier Inc. 35
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Figure 1. Destruction of Uncellularized
Nuclei during Sporulation
(A) Terminal spore number of asci produced under
high and low carbon conditions (n = 5, N > 300 in
each replicate).
(B) Live imaging time course of a cell purging two
H2A-mCherry-labeled meiotic products approxi-
mately 12 hr after induction in low carbon. Indi-
cated times are relative to the top panel, set to 0.
Left panel displays H2A-mCherry-labeled nuclei
and right panel the z plane of samemovie with Y, Z
indicated. Scale bar, 1 mm.
(C) A low-carbon-treated cell 8 hr after induction
possessing two round, compact nuclei associated
with prospore membrane formation (PSM) and two
misshapen nuclei lacking prospore membranes.
(D) Association of Nup49-GFP and H2A-mCherry
in low carbon (top) and high-carbon-treated
(bottom) cells 10 hr after induction.
(E) Transmission electron microscopy of devel-
oping dyad 12 hr postinduction in low carbon. Two
postmeiotic nuclei in midsporogenesis (indicated
by white N, contained within spore walls) along-
side two uncellularized nuclei (indicated by black
N) are indicated. Scale bar, 500 nm.
(F) Summary timeline of meiosis and PND relative
to time after sporulation induction.
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Nuclear Destruction during Yeast Gametogenesisdevelopment in plants (van Doorn and Woltering, 2005). Yeast
PND complements recent work from varied model systems
that have demonstrated an increasing diversity and cross-regu-
latory relationship of cell death pathways.
RESULTS AND DISCUSSION
Uncellularized Meiotic Products Disintegrate
with Acute Kinetics
To study the fate of meiotic products that do not develop into
spores (whichwe describe here as uncellularized), we developed
a protocol that enabled robust execution of spore number
control while retaining the best possible meiotic synchrony (Fig-
ure S1A available online). We refer to this protocol as ‘‘low
carbon’’ treatment to distinguish it from the standard ‘‘high
carbon’’ laboratory sporulation condition. While high-carbon-
sporulated cells produced a majority of four spore-containing
asci (tetrads) and some triads, low-carbon-sporulated cells
mainly produced dyads and monads (Figure 1A). Using a strain
engineered to express a histone H2A-mCherry fusion protein,
we evaluated the persistence of uncellularized meiotic products36 Developmental Cell 23, 35–44, July 17, 2012 ª2012 Elsevier Inc.during low carbon sporulations using
live cell imaging. As expected, meiosis
produced four distinctive H2A-mCherry
masses. Remarkably, following the
completion of meiosis, the uncellularized
H2A-mCherry products disintegrated in
the ascal compartment with acute
kinetics, on the order of tens of minutes
(Figure 1B, Movie S1, and Movie S2).
Analysis of fixed cells from low carbon
sporulation time courses corroboratedthe acute dissolution of meiotic products and revealed that
their disassembly occurred after their sibling differentiating
nuclei had initiated spore wall development, as evaluated by
bright field optics (Figure S1). Interestingly, DAPI staining
showed a persistence of dispersed DNA from the apparently de-
stroyedmeiotic products in the ascus (Figure S1C). These results
are consistent with the hypothesis that uncellularized meiotic
products are actively catabolized in cells implementing spore
number control.
Inspection of our imaging data suggested that uncellularized
meiotic products become misshapen prior to their disintegra-
tion. This was unlike their sibling meiotic products undergoing
spore development, which maintained a round, compacted
morphology. To evaluate the prevalence of this phenomenon
and determine if it is specific to unpackaged meiotic products
apparently destined for destruction, we examined nuclear
morphologies in live cells from low carbon sporulations of a
strain coexpressing histone H2A-GFP and an RFP-tagged
marker of early spore differentiation, the prospore membrane
(RFP-Spo2051-91; Suda et al., 2007). Prospore membrane
biogenesis occurs concomitant with the completion of meiosis,
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Figure 2. Vacuolar Degradation of Nuclear
Protein during PND
(A and B) Anti-GFP western blots of strains ex-
pressing Pgk1-GFP (A) or H2A-GFP (B) at time
points of sporulation in high carbon (HC) and low
carbon (LC) conditions.
(C and D) A single LC sporulation was split into 2
flasks at the 12 hr time point and treated with either
PMSF or ethanol solvent alone (control). Clearance
of ascal H2A-mCherry signal was then evaluated at
time points in postmeiotic cells that were forming
dyads. Asci are 16 hr postinduction (C).
(E and F) Wild-type and prb1D terminal asci 22 hr
postinduction (E) and quantification of clearance of
ascal H2A-GFP signal 27 hr postinduction (F).
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Nuclear Destruction during Yeast Gametogenesisand prospore membranes encapsulate and cellularize meiotic
nuclei, eventually maturing to constitute the plasma membrane
of spores (Neiman, 2005). We found that misshapen meiotic
products nearly always lack prospore membranes following
meiosis, in direct contrast to their sibling differentiating nuclei
(Figure 1C). At 10 hr postinduction (shortly after the meiotic divi-
sions), 94.9 ± 0.6% of H2A-GFP meiotic products evaluated as
round were prospore membrane associated, while 88.3 ±
1.9% of meiotic products deemed misshapen lacked prospore
membranes.
Because yeast undergo ‘‘closed’’ meiosis in a common
nucleus with no intervening karyokinesis (Neiman, 2005), we
next asked if the uncellularized meiotic products were indeed
nuclear membrane-enclosed structures. We examined a strain
expressing a GFP-tagged nuclear pore protein (Nup49-GFP)
together with H2A-mCherry. At 10 hr after sporulation induction
in low carbon treatment, when approximately 50% of the
meiotic products are destined for destruction, we found that
nearly all of the H2A-mCherry meiotic products were associated
with Nup49-GFP (97.1 ± 0.6%). These results demonstrate that
uncellularized meiotic products are nearly always surrounded
by Nup49-GFP signal and are thus likely to be membrane-bound
organelles (Figure 1D). Transmission electron micrographs
(TEMs) confirmed this conclusion: duringmidsporogenesis, cells
implementing spore number control possessed apparently
membrane-enclosed nuclei in the ascal cytoplasm (Figure 1E).
Additionally, our TEM analysis revealed that unpackaged nuclei
exhibited a misshapen morphology relative to their sibling cellu-
larized nuclei undergoing spore development (Figure 1E), further
supporting our aforementioned conclusion that unpackaged
nuclei become misshapen.
Our findings support a role for active disassembly of uncellu-
larized nuclei in cells implementing spore number control. WeDevelopmental Cell 23, 3refer to this phenomenon as programmed
nuclear destruction (PND). Following the
completion of meiosis, nuclei undergoing
PND are first distinguished from their
sibling differentiating nuclei by a failure
to be enveloped by prospore (plasma)
membranes. Following this, they then
display an altered decompacted mor-
phology and undergo rapid destructionduring the period when their sibling nuclei are undergoing sporo-
genesis (Figure 1F).
A Vacuolar Pathway Mediates Nuclear Protein
Destruction During PND
We hypothesized that PND involves autophagic destruction of
nuclear proteins. In yeast, macroautophagy functions to catabo-
lize cellular components by delivering them to the vacuole, a lytic
organelle analogous to the mammalian lysosome. Vacuolar
protein turnover in yeast, often attributed to macroautophagy,
can be semiquantitatively assayed using western blots to
monitor the accumulation of free green fluorescent protein
(GFP) produced from a GFP-fusion protein, owing to the relative
resistance of GFP to vacuolar proteolysis (Cheong and Klionsky,
2008). Using this assay, we first determined that Pgk1, an abun-
dant cytosolic protein, underwent extensive vacuolar destruc-
tion during and following meiosis in both high and low carbon
sporulation treatments (Figures 2A and S2A). H2A-GFP, unlike
Pgk1-GFP, was not subject to significant vacuolar destruction
in cells undergoing high carbon sporulation (Figures 2B and
S2A). In striking contrast, low-carbon-sporulating cells express-
ing H2A-GFP produced large amounts of free GFP following the
completion of meiosis (Figures 2B and S2A). The accumulation
of free GFP from H2A-GFP during low carbon sporulations
became apparent at approximately 16 hr postinduction. These
results indicate that proteins within unpackaged nuclei undergo
vacuolar destruction during PND. Importantly, comparison of the
kinetics of Pgk1-GFP versus H2A-GFP turnover revealed
temporal compartmentalization of cytoplasmic versus nuclear
protein destruction in cells executing PND.
As macroautophagy and general vacuolar function are both
critical for the execution of yeast meiosis (Teichert et al., 1989;
Tsukada and Ohsumi, 1993), and PND occurs following the5–44, July 17, 2012 ª2012 Elsevier Inc. 37
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Nuclear Destruction during Yeast Gametogenesiscompletion ofmeiosis, genetic approaches to address the role of
autophagy during PND are challenging. To assess the role of
autophagy/vacuolar-mediated protein destruction during PND,
we treated late time points of low carbon sporulations with
phenylmethylsulfonyl fluoride (PMSF), a serine-protease inhib-
itor known to interfere with yeast autophagic turnover through
inhibition of the vacuolar subtilisin-family protease Prb1 (Take-
shige et al., 1992; Tsukada and Ohsumi, 1993). Consistent with
a role for vacuolar-mediated proteolysis in the destruction of
unpackaged nuclei, we observed a marked persistence of
nuclear material in asci of PMSF-treated cells undergoing low
carbon sporulation (Figures 2C and 2D). Further supporting
this conclusion, using western blots, we found that PMSF-
treated cells displayed reduced H2A-GFP turnover (Figure S2B).
Dissection of dyads showed that PMSF treatment had no effect
on spore viability (>90% spore viability in both PMSF-treated
and untreated cells), suggesting that inhibition of these later
acting nuclear destruction events did not affect the sporogenesis
of their sibling nuclei.
Although Prb1 accounts for approximately 50% of protein
degradation during sporulation, PRB1, unlike other genes critical
for autophagy, is not absolutely essential for sporulation
(Zubenko and Jones, 1981). Likely as a consequence of their
defects in protein turnover, prb1D cells exhibit severe sporula-
tion defects including reduced meiotic efficiency, abnormal
ascal tightening, and reduced spore number under high carbon
conditions (Zubenko and Jones, 1981). We performed imaging
experiments to evaluate the fate of unpackaged meiotic nuclei
produced by a prb1D strain expressing H2A-GFP. As we
observed in PMSF-treated cells, prb1D mutants exhibited
a marked persistence of uncellularized nuclear material in their
asci compared with wild-type (Figures 2E and 2F). We conclude
from our analysis of prb1D and PMSF-treated cells that nuclear
protein destruction during PND requires the same vacuolar
activity needed for the destruction of macroautophagic vesicles
(Takeshige et al., 1992).
Mother Cell Macroautophagy Is Downregulated
during the Postmeiotic Stages of Sporulation
We initially hypothesized that macroautophagy might function
to accomplish nuclear protein destruction during PND. Auto-
phagosomes are distinguished by the conjugation of ubiquitin-
like LC3/Atg8 proteins to lipid moieties of their inner and outer
membranes (Ichimura et al., 2000; Kirisako et al., 1999). To
investigate a possible role for macroautophagy during PND,
we therefore monitored GFP-Atg8-labeled autophagosomes
during both high and low carbon sporulation treatments using
live cell fluorescence microscopy. Under low carbon conditions,
we found that GFP-Atg8 puncta were abundantly detected in
the cytoplasm prior to and during meiosis (Figure 3A). We
made similar observations in cells undergoing high carbon
sporulation (data not shown). Upon delivery of autophagosomes
to the vacuole, GFP-Atg8, like other proteins, undergoes
destruction resulting in an accumulation of free GFP (Cheong
and Klionsky, 2008). Using western blotting of our GFP-Atg8
strain, we found that very large amounts of free GFP accumu-
lated relative to intact GFP-Atg8 during both high and low
carbon sporulations, suggesting a high rate of macroautophagic
flux directing cellular contents toward the vacuole during38 Developmental Cell 23, 35–44, July 17, 2012 ª2012 Elsevier Inc.meiotic and premeiotic stages of sporulation of both treatments
(Figure S3A).
As cells progressed through meiosis, we observed dramati-
cally reduced frequencies of GFP-Atg8 puncta in the ascal cyto-
plasm of both low and high carbon sporulations (Figures 3A and
3B; data not shown), suggesting that macroautophagy may
largely be confined to the premeiotic and meiotic stages of spor-
ulation. Coordinate with this reduction of ascal GFP-Atg8 puncta
accumulation, we detected GFP-Atg8 puncta within the differen-
tiating spores produced during both carbon treatments (Figures
S3B–S3D; data not shown). While we do not know the signifi-
cance of this intriguing occurrence, these spore-associated
puncta were often difficult to distinguish from those in the ascal
compartment; therefore, we suspect that the incidence of post-
meiotic autophagosomes in the ascal compartment may be even
lower than our reported levels. Critically, while our results verify
a central role of macroautophagy during yeast meiosis (Teichert
et al., 1989; Tsukada and Ohsumi, 1993), we never observed
GFP-Atg8 puncta associated with uncellularized nuclei under-
going PND. Thus, our data suggest that a vacuolar pathway,
but not macroautophagy per se, accomplishes nuclear protein
destruction during PND.
Exposure of Nuclei to Vacuolar Proteases in Postmeiotic
Cells through Mega-Autophagy
To explain our findings, we considered nonmacroautophagic
mechanisms that could expose nuclear proteins to vacuolar
proteases during PND. In plants, many occurrences of pro-
grammed cell death involve a form of autophagy known as
mega-autophagy, a phenomenon defined as ‘‘autophagy by per-
meabilization or rupture of the lysosome’’ (vanDoorn andWolter-
ing, 2005, p. 117). A similar occurrence in mammals, lysosomal
membrane permeabilization (LMP), causes cell death through
leakage of a family of lysosomal proteases called cathepsins
into the cytoplasm, and LMP misregulation is implicated in
neurodegenerative disease pathology and cancer cell growth
(Boya and Kroemer, 2008; Zhang et al., 2009).
PEP4 encodes a cathepsin-like luminal vacuolar protease
essential for the activation of numerous vacuolar hydrolases in
yeast that, like proteinase B, is essential for the degradation of
autophagic vesicles (Ammerer et al., 1986; Jones et al., 1982;
Woolford et al., 1986). We used Pep4-mCherry as a marker of
the vacuolar lumen. Using cells coexpressing Pep4-mCherry
and a GFP-tagged vacuolar membrane protein (Vma1-GFP;
Supekova´ et al., 1995), we confirmed that all detectable Pep4-
mCherry signal was surrounded by Vma1-GFP in vegetative
andmeiotic cells from low carbon sporulations (Figure 3C). Inter-
estingly, as these cells progressed past the completion of
meiosis and spore differentiation became apparent, we found
Pep4-mCherry signal throughout the ascus, no longer con-
strained by the Vma1-GFP-labeled vacuolar membrane (Figures
3C and S3E). As described by others, we did not observe pro-
spores to directly inherit vacuoles from the mother cell, but we
did distinguish Vma1-GFP signal in the maturing spores, indica-
tive of de novo vacuole biogenesis (Figures 3C and 3D) (Roeder
and Shaw, 1996; Suda et al., 2007). In direct contrast to the
localization pattern observed within the ascal compartment,
Pep4-mCherry signal in these nascent spore vacuoles was
apparently constrained to the vacuolar lumen (Figure 3C). Similar
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Figure 3. Autophagosome and Vacuolar
Dynamics during Sporulation and PND
(A and B) Autophagosome formation in low-
carbon-treated sporulating cells wasmonitored (A)
and quantified (B) by the presence of cytoplasmic
GFP-Atg8 puncta. Meiotic stage was assessed by
coexpression of H2A-mCherry. (n = 3, N > 60 for
each). Scale bar, 1 mm.
(C) Vacuolar integrity monitored by coexpression
of luminal marker Pep4-mCherry and membrane
marker Vma1-GFP during low carbon sporulation
time points.
(D) Vacuolar morphology during sporulation was
assessed using Vma1-GFP.
(E) Vacuolar integrity was scored only in meiotic or
postmeiotic cells (n = 3, N > 60 for each).
(F) TEM of low-carbon-treated cells 12 hr after
induction. Black arrows indicate loss of vacuolar
membrane continuity. Spores (S), uncellularized
nucleus (N), and vacuole (V) are indicated. Scale
bar, 500 nm. Time points refer to hours after
sporulation induction.
(G) Summary timeline of meiosis, PND, autopha-
gosome appearance, and vacuolar membrane
dissolution relative to time after sporulation
induction.
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Nuclear Destruction during Yeast Gametogenesisvacuolar properties were observed in high-carbon-sporulated
cells (data not shown).
As cells matured further following meiosis, we found that
vacuoles from both low and high carbon sporulations became
severely disorganized in the ascal compartment (Figures 3C
and 3D; data not shown). These results are consistent with
previous studies (Roeder and Shaw, 1996; Suda et al., 2007),
and they suggest that vacuolar permeability/rupture may expose
nuclear proteins to vacuolar proteases during PND. To quantify
vacuolar morphology in relation to sporulation progression,
we monitored Vma1-GFP during low and high carbon sporula-
tions in cells coexpressing H2A-mCherry. We found that, whileDevelopmental Cell 23, 3meiotic cells possessed clearly intact
vacuoles as evaluated by Vma1-GFP
continuity, postmeiotic cells displayed
an increasing frequency of noncontin-
uous Vma1-GFP signal during sporogen-
esis (Figure 3D; data not shown).
This percentage approached 100% by
24 hr in both high and low carbon condi-
tions, with later time points exhibiting
a complete absence of Vma1-GFP signal
in the ascus (Figures 3D and 3E; data
not shown). In association with the
loss of ascal Vma1-GFP continuity, we
observed reduced intactness of unpack-
aged meiotic nuclei during low carbon
sporulations as monitored by H2A-
mCherry signal (Figure 3D). Accordingly,
the loss of continuity of Vma1-GFP and
the vacuolar destruction of H2A-GFP
show strikingly similar kinetics (cf. Figures
2B and 3E).Collectively, these results show that yeast PND involves
a mega-autophagy/lysosomal permeabilization-like event that
exposes uncellularized nuclei and other ascal components
to released vacuolar contents, which then accomplish their
destruction. For the purpose of simplicity, we refer to this aspect
of PND as mega-autophagy. Transmission electron microscopy
of postmeiotic cells revealed ruptured vacuoles and mixing of
the ascal cytoplasm and vacuolar lumen, supporting this
conclusion (Figure 3F). Vma1-GFP western blots suggested
that Vma1 was subject to vacuolar degradation specifically in
postmeiotic cells, coordinate with the timing of apparent loss
of vacuolar integrity (Figure S3F). As neither vacuolar rupture5–44, July 17, 2012 ª2012 Elsevier Inc. 39
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Figure 4. Nucleosomal DNA Fragmentation
during PND Is Dependent on NUC1
(A) TUNEL staining in an ascal dyad 24 hr after an
LC sporulation induction. Scale bar, 1 mm.
(B and C) TUNEL staining in wild-type and nuc1D
asci 24 hr after LC sporulation induction (B), and
quantification of TUNEL frequency in high and low
carbon treatments (n = 3, N > 210 for each) (C).
Scale bar, 6 mm.
(D and E) Agarose gel electrophoresis of DNA
isolated from HC and LC sporulations 36 hr post-
induction (D) and DNA from wild-type and nuc1D
LC-sporulations 36 hr postinduction (E).
(F) Terminal spore numbers in wild-type and nuc1D
asci produced by HC and LC treatments (n = 3,
N > 200 for each).
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Nuclear Destruction during Yeast Gametogenesisnor Vma1-GFP turnover occurred under vegetative autophagy
conditions (Figure S3G; data not shown), we conclude that
mega-autophagy in yeast is a developmentally programmed
occurrence executed in postmeiotic cells (Figure 3G).
Apoptotic-like Genome Fragmentation in Cells
Undergoing PND
We next addressed the developmental fate of the genomic DNA
from nuclei undergoing PND. Our results showed a persistence
of DAPI-staining DNA in the ascal compartment of cells
that had executed PND (Figure S1C). Using terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL), we
assayed the intactness of this DNA and found that cells that
had executed PND possessed fragmented DNA (Figure 4A). In
these cells, abundant TUNEL signal was found that was exclu-
sive to the DNA in the ascal compartment as opposed to the
DNA of spore-packaged nuclei, indicating that the DNA from
nuclei undergoing PND was extensively fragmented (Figures
4A–4C).
The presence of TUNEL-positive DNA in the ascus following
PND, while suggestive of cell death mechanisms, might be an
indirect consequence of mega-autophagic destruction of the
protein components of chromatin. Although never observed in
yeast, apoptotic DNA fragmentation in mammals has been
more specifically described as a consequence of internucleoso-
mal cleavage by endonuclease-G (endoG) and other endonucle-
ases, resulting in the distinctive formation of nucleosomal
‘‘ladders’’ of 150 base pair periodicity (Li et al., 2001; Wyllie,
1980). Analysis of genomic DNA prepared from low-carbon-
sporulated cells revealed that PND is accompanied by a robust
accumulation of nucleosomal ladders (Figure 4D). NUC1
encodes an ortholog of endoG that has been implicated in yeast40 Developmental Cell 23, 35–44, July 17, 2012 ª2012 Elsevier Inc.cell death in response to cytotoxic insults
(Bu¨ttner et al., 2007). Like endoG in
mammals, Nuc1 is a normally mitochond-
rially localized protein that associates
with the nuclei of yeast cells undergoing
apoptotic-like death (Bu¨ttner et al.,
2007). We found that NUC1 is required
for the production of nucleosomal ladders
and TUNEL-positive DNA in cells from
low carbon sporulations, revealing that ahighly conserved apoptosis-like activity functions during PND
(Figures 4B–4E).
Our results show that PND involves both mega-autophagy-
driven nuclear protein destruction and apoptotic-like genome
fragmentation. We next addressed the interrelatedness of these
two aspects of PND. Remarkably, despite the requirement of
NUC1 for the execution of DNA fragmentation during PND,
NUC1 deletion had no consequence for spore number control,
vacuolar destruction of H2A-GFP, or viability of the surviving
spores (Figures 4F and S4; data not shown). To determine if
NUC1 impacted the kinetics of nuclear protein destruction
during PND, we monitored nuclear clearance in wild-type and
nuc1D strains expressing H2A-GFP or H2A-mCherry, respec-
tively, that were cosporulated in the same flasks under low
carbon conditions (Figure S4B). These experiments revealed
no differences in nuclear destruction kinetics (Figure S4C), sug-
gesting that NUC1 may have no instructive role for mega-auto-
phagic destruction of nuclei during PND.
Because NUC1 had no detectable role in mega-autophagic
nuclear destruction during PND, we in turn sought to determine
if vacuole-mediated nuclear destruction was essential for
NUC1 function during PND. We found that PMSF treated cells
produced nucleosomal DNA ladders and exhibited an unper-
turbed frequency of TUNEL positive cells during PND (Figures
S4D and S4E). These results suggest that PND involves comple-
mentary mega-autophagic and apoptotic-like pathways, acting
in at least partially nonoverlapping ways (Figure 5). We hypothe-
size that the decision to execute PND occurs at the level of spore
number control and that the mechanisms executing PND initiate
independently of the determination of spore number. Thus, when
a meiotic product is not cellularized due to insufficient nutrient
availability (Davidow et al., 1980; Nickas et al., 2004; Taxis
Figure 5. Programmed Nuclear Destruction
during Yeast Sporulation
A representation of a sporulating cell forming
a dyad and subjecting two meiotic products to
PND. First depicted (top left) is a mother cell that
has completed meiosis and possess two nuclei
forming spores and two that remain uncellularized
in a common cytoplasm. As sporulation prog-
resses (bottom left), the mother cell vacuole
becomes permeable and begins to dissociate. The
uncellularized nuclei undergo endoG-dependent
fragmentation and depicted is the possible release
of endoG from mother cell mitochondria. Nuclei
subject to PND then disintegrate (bottom middle)
as cells progressively mature toward the formation
of a two-spore ascus (bottom right).
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tion (Figure 5). We also hypothesize that spore packaging
protects the surviving yeast gametes from the PNDmechanisms
that occur in the ascal cytoplasm during late sporogenesis. As
vacuolar membrane dissolution appears to be an intrinsic aspect
of sporulation that occurs regardless of spore number (Figure 3D;
data not shown), the timing of vacuolar membrane dissolution
must be regulated to coordinate with spore packaging.
The significance of nuclear genome fragmentation by endoG
and other nucleases during mammalian apoptosis and other
forms of programmed cell death has remained opaque. Although
endoG is highly conserved throughout all kingdoms of life and
was likely acquired in eukaryotes from a prokaryotic ancestor
(Cymerman et al., 2008), it is not essential for viability or for the
execution of apoptosis in mammals (Irvine et al., 2005). While
our findings do not resolve these questions, they do identify
meiosis as a context in which to consider the ancestral functions
of endoG. Indeed, this nuclease’s functions during gametogen-
esis extend beyond yeast; mitochondrial DNA elimination during
Drosophila spermatogenesis occurs in an endoG-dependent
manner (DeLuca and O’Farrell, 2012).
Our results have interesting implications concerning the diver-
sity and evolution of cell death pathways and underscore the
functions of programmed cell death pathways during germ cell
development in diverse eukaryotes. Rudimentary apoptotic-
like events have been proposed to help to drive the evolution
of cell fusion in primordial eukaryotes (Blackstone and Green,
1999; Koonin and Aravind, 2002; Lane, 2005). As meiosis must
have evolved subsequent to this, perhaps it is during meiosis
in varied organisms that the most primitive and ancestral cell
death mechanisms function.
Physiological Relevance of Yeast PND
PND may represent an often-utilized yet previously unappreci-
ated aspect of the yeast life cycle. While lab sporulations areDevelopmental Cell 23, 3optimized for tetrad production, yeast in
the natural world undoubtedly encoun-
ters nutritionally diverse environments
that may lead to PND execution. We
sought to model these conditions to ask
how broadly yeast might execute PND.
Colony growth likely represents the bestlaboratory reproduction of the nutrient milieu yeast encounter
in nature. However, laboratory strains do not exhibit significant
sporulation during colony growth on rich media that enable
fermentation, the dominant carbon utilization pathway in yeast.
We therefore considered wild yeast strains as better candidates
to test this idea. While the matter of Saccharomyces cerevisiae
evolution as it relates to human domestication has been a topic
of some debate, phylogenetic approaches have identified strain
isolates from oak tree exudates as the best candidates for truly
wild yeast (Fay and Benavides, 2005). Notably, these strains
sporulate to nearly 100% efficiency using standard laboratory
sporulation protocols, producing almost exclusively tetrads
(Gerke et al., 2006).
We found that an oak strain isolate underwent extensive spor-
ulation in maturing colonies grown on rich fermentative media
(Figure 6A). The appearance of asci in these colonies began after
2–3 days and coincided with a cessation of rapid colony growth,
suggesting that the cells were experiencing nutritional microen-
vironments triggering sporulation. At day 3, an average of 17.8%
of cells had sporulated in these colonies with a distribution of
3.1% tetrads, 7.1% triads, and 7.6% dyads, suggesting that
a majority of these sporulated cells had executed PND (Fig-
ure 6A). Supporting this conclusion, we detected TUNEL-posi-
tive cells in these colonies that were exclusive to asci that had
undergone spore number control (Figure 6B). Interestingly,
over the next 48 hr, tetrad and then triad appearance in the
colonies ceased, coordinate with a dramatic increase in dyad
production (Figure 6A). Thus, as colonies matured over time,
they executed PND to greater extents, likely reflecting
decreasing nutrient availability. By day 5, dyad production pla-
teaued at an average of 23.2% of the total number of cells in
the colony. Interestingly, between days 6 and 7, a small but
highly significant resumption of tetrad production occurred,
suggesting that products of PND may be scavenged by neigh-
boring cells to enable a subsequent burst of highly productive5–44, July 17, 2012 ª2012 Elsevier Inc. 41
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Figure 6. PND Occurs during Colony Maturation in Undomesticated
Yeast
(A) Single spores of a homothallic, undomesticated strain were dissected into
arrays on solid medium containing glucose and allowed to germinate and form
colonies. The frequency of ascal type was determined by picking single
colonies each day after dissection for microscopic examination. Each point
represents the mean of four individual colonies, with a minimum of 295 cells
assessed in each colony. *Statistically significant increase in tetrads on days
6–7. (p < 0.005, two-sample z test).
(B) TUNEL staining of asci formed in maturing colonies, 6 days after germi-
nation. Vegetative cells, which possess larger, single nuclei, are devoid of
TUNEL signal. Scale bar, 4 mm.
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death of haploid lab strains in aging cultures causes the release
of nutrients to the apparent benefit of sibling cells (Fabrizio et al.,
2004; Herker et al., 2004). Our observations of wild yeast colony
maturation strongly suggest that PND and spore number control
are commonly utilized aspects of the S. cerevisiae life cycle in
nature.
CONCLUSIONS
The roles of autophagy as an important modulator of apoptosis
in animals has attracted attention only recently (Maiuri et al.,
2007). As such, while the hypothesized ancient origins of
apoptosis have for long been a topic of debate, the role of
autophagy with respect to the evolution of apoptosis has not
yet attracted wide consideration. Using yeast, a distantly related
unicellular eukaryote, we have shown here that an unusual,
though conserved, autophagic mode (mega-autophagy) collab-
orates with a well-known apoptotic-like activity to destroy uncel-
lularized nuclei during gametogenesis. Mega-autophagy could
be regarded as autophagy in its most basic form. Although it
does not appear to occur through an intermediate vesicle such
as an autophagosome, it is nevertheless a striking example of
a cell destroying its own components en masse through the
vacuolar machinery.
We propose the term ‘‘sporoptosis’’ (sporo from the Greek
word for seed) for the process of collaborative autophagic and42 Developmental Cell 23, 35–44, July 17, 2012 ª2012 Elsevier Inc.apoptotic-like destruction of immature gametes. Yeast sporop-
tosis may be similar to PND-like events known to occur in plant
and animal germlines (Bell, 1996; Gumienny et al., 1999). More
fundamentally, as the cell biology of yeast sporoptosis bears
intriguing similarities with varied programmed cell death path-
ways, we anticipate its mechanisms to be of relevance to these
fields.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids
Strains used in this study are listed in Table S1. Standard S. cerevisiae culture
and genetic techniques were used for construction of strains (Adams et al.,
1998). All strains are of the SK1 background with the exception of the wild
isolate. Fluorescent tags are chromosomally expressed from endogenous
loci, with the exception of RFP-Spo20 51-91, which was expressed from the
pRS424-R20 plasmid provided by A. Neiman. Gene knockout and fluorescent
protein tag-expressing strains were engineered de novo for this study.
SK1 Sporulation Protocols
For liquid sporulation experiments, strains were recovered from freezer stocks
onto 1% yeast extract, 2%peptone (YP), 2% glycerol/2% ethanol plates, were
allowed to grow overnight, and then were streaked for single colonies on YP
2% dextrose (YPD). Colonies were inoculated into liquid YPD, grown to satu-
ration overnight, and then diluted into presporulation medium (YP plus 3%
potassium acetate; YPA) at an optical density 600 (OD600) of 0.3 and cultured
for 12–14 hr with vigorous aeration (200 rpm). YPA cultures were harvested at
an OD600 of 1.5–1.8, washed twice in deionized water, and resuspended in
sporulation media (1% potassium acetate, 0.2% raffinose) at an OD600 of
2.0. LC sporulations were cultured identically up to sporulation induction, at
which point they were suspended in fresh 0.1% potassium acetate for 5 hr,
pelleted, and resuspended in an equal volume of 0.15% potassium chloride.
For treatment with PMSF, a 200 mM stock made in 100% ethanol (or just
100% ethanol as a control) was directly diluted into sporulating liquid culture
to a final concentration of 1 mM.
Wild Yeast Colony Growth and Sporulation
For Oak strain experiments, single spores were manually dissected into 63 11
arrays with 5 mm spacing on 2% agar plates containing 0.2% peptone, 0.1%
yeast extract, and 0.2% dextrose. Following germination and growth, the
composition of individual colonies from these arrays was microscopically
determined. To avoid colony position effects, we only scored colonies that
were positioned in the interior of our arrays and flanked on each of their four
sides with an undisturbed colony. For TUNEL staining, colonies were picked
and resuspended in PBS with 3.7% formaldehyde and processed as
described below.
DNA Gels and Western Blots
Genomic DNAwas isolated from asci by digestion with 1mg/ml proteinase K in
10 mM Tris, pH 9.0, 1 mM EDTA, 10 mM NaCl, and 1% w/v SDS at 50C for
4.5 hr and was then extracted with phenol:chloroform:isoamyl alcohol and
precipitated with ethanol. DNA was then treated with 0.2 mg/ml RNase A for
1 hr at room temperature and electrophoresed on 1.8% agarose gels contain-
ing ethidium bromide.
Protein extracts for western blotting were prepared as described previously
(Knop et al., 1999). Samples were electrophoresed on 12% SDS-PAGE and
transferred onto Amersham Hybond-P PVDF membranes. Blots were probed
using anti-GFP (Roche, 10744900) primary antibody at 1:2,000 dilution, fol-
lowed by horseradish-peroxidase-conjugated goat anti-mouse secondary
antibody (BioRad) at 1:15,000 and detected using ECL+ (GE Healthcare).
Fluorescence Microscopy
Live cell confocal microscopy was used to generate imaging data. For all
quantifications, means of at least three biological replicates are presented
and error bars denote 1 SD. Cells were mounted directly from liquid sporula-
tion cultures onto 2% agarose pads immediately prior to imaging. All of our
data are three-dimensional images reconstructed from nine 1 mm Z-stacks
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Nuclear Destruction during Yeast Gametogenesiscaptured using a Leica DMI6000 microscope equipped with a WaveFX
spinning disc confocal system. Images were assembled using Volocity High
Performance 3-D 4-D imaging software. TUNEL assays were performed using
the In Situ Cell Death Detection Kit, Fluorescein (Roche) as described else-
where (Ribeiro et al., 2006). We digested asci with 24 mg/ml Zymolyase 100T
for 40min; for wild yeast colonies, we used 120 mg/ml Zymolyase 100T for 1 hr.
Transmission Electron Microscopy
Cell preparation and imaging was performed at the Advanced Bioimaging
Centre at Mt. Sinai Hospital Research Institute, Toronto, Ontario, Canada.
Fixation by freeze substitution was performed as described, except that cells
were frozen using a Leica EM MM80 slam freezer (Murray, 2008). Freeze
substitution was performed using a Leica automated system. Cells were
embedded in Spurr’s resin, and then thin sections were imaged with an FEI
Tecnai 20 transmission electron microscope and an AMT 16000 digital
camera.
SUPPLEMENTAL INFORMATION
Supplemental information includes four figures, Supplemental Experimental
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